Monocytes and macrophages may either promote or down-regulate inflammatory reactions depending on their state of activation. The effects of glucocorticoids (GC), the most widely used immunosuppressive drugs, on monocytes are currently not well defined. Analyzing the GC-induced expression pattern in human monocytes by microarray technology we identified for the first time GC-dependent regulation of 133 genes, including anti-inflammatory molecules like adenosine A3 receptor, CD1d, and IL1 receptor II. The results were independently confirmed by real-time PCR and flow cytometry. Functional clustering of GCregulated genes indicated induction of monocytic properties like "phagocytosis" and "motility" as well as repression of "adhesion", "apoptosis" and "oxidative burst". These predictions were confirmed by independent functional assays. GC up-regulate fMLP receptors and specifically promote chemotaxis to this chemoattractant. Furthermore, GC promote survival of an anti-inflammatory monocytic phenotype in inflammatory reactions probably by inhibition of apoptosis due to oxidative stress. GC limit tissue damage due to induction of anti-oxidative properties and high capacity for phagocytosis of pro-inflammatory agents.
Introduction
GC are still the most widely used immunosuppressive agents for the treatment of inflammatory disorders and autoimmune diseases 1 . However, patients treated for prolonged periods of time with GC suffer from deleterious side-effects which limit their use in many clinical conditions. Thus, a better understanding of the molecular mechanisms of GC action on immune cells is crucial for the development of more specific anti-inflammatory strategies.
GC affect nearly every cell of the immune system but there is growing evidence for cell type specific mechanisms 2 . Recent development of DNA-microarray technologies has provided an opportunity to analyze the effects of GC on genome wide gene expression in immune cells 3 .
While there is at least one description of GC-regulated gene expression patterns in a lymphocytes enriched cell population 4 , there are no comprehensive studies describing genomic GC actions in cells of the innate immune system.
Monocytes represent a central part of innate immunity. They can differentiate into macrophages and dendritic cells and are crucial for nearly every step of an immune reaction including the initiation of an adaptive immune response, clearance of infectious agents as well as resolution of inflammation 5, 6, 7 . Monocytes and macrophages are not a homogeneous cell population, but rather encompass distinct phenotypes which exhibit a wide range of pro-and anti-inflammatory activities. Pro-and anti-inflammatory properties of macrophages are mainly dependent on their stage of differentiation as well as on distinct mechanisms of activation 5, 6, 8 . The classical activation of macrophages is achieved by stimulation with IFNγ followed by exposure to a microbial trigger like LPS resulting in a pro-inflammatory phenotype. Alternatively activated macrophages are generated by exposure to IL4 or IL13. In contrast to classically activated macrophages these alternatively activated macrophages are involved in anti-parasite responses, tissue repair and allergic reactions. Under distinct conditions monocytes and macrophages release mediators like TGFβ and IL10 which are important for resolution of inflammatory reactions 9, 10 . There is growing evidence that GC are
For personal use only. on April 10, 2017 . by guest www.bloodjournal.org From involved in this process of macrophage differentiation, however, the cellular mechanisms of this process is not yet known 5, 6 . We therefore analyzed the GC-induced expression pattern in monocytes using affymetrix microarrays which represent about 13,000 genes. Using sophisticated statistical analysis and independent functional assays we show that GCtreatment of monocytes not simply suppresses pro-inflammatory properties but rather induces a distinct functional phenotype which seems to be actively involved in resolution of inflammatory reactions.
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Methods

Human Cells
Approval was obtained from the Ethics committee of the Medical Faculty of Münster for these studies. Informed consent was provided according to the Declaration of Helsinki.
Peripheral blood monocytes were obtained from 4 healthy individual donors by leukapheresis and isolated to >90% purity as previously described 11 . Cells were cultivated in Teflon bags and allowed to rest for 24 h prior to stimulation.
Flow cytometry
For detection of cell surface molecules flow cytometry was performed as described earlier 12 using mouse monoclonal antibodies against CD11a (Immunotools, Hamburg, Germany), CD163 11 , CD36 or fMLP (N-formyl Met-Leu-Phe) receptor (Becton Dickinson, Heidelberg, Germany). An intracellular flow cytometry staining procedure was employed for detection of SAP30 (Upstate NY, USA) using BD Cytofix/Cytoperm Plus Kit (Becton Dickinson).
DNA microarray hybridization
Monocytes were exposed to 10 nM fluticasone propionate (a generous gift from Glaxo Wellcome, Greenford, U.K.) for 16h or left untreated. RNA preparation, sample preparation and hybridization to Affymetrix Human Genome 133 A Gene Chip arrays for microarray analysis was performed as described previously 12 .
Statistical analysis of microarray data
For analysis of data from individual donors, raw data of GC-treated samples were processed by MicroArray Suite (MAS) Software (Affymetrix) using data from corresponding control samples as baseline. Signals were scaled to a target intensity of 500 and log-transformed.
Detection and change calls were assigned as described previously [12] [13] [14] .
For personal use only. on April 10, 2017. by guest www.bloodjournal.org From For more sophisticated statistical analysis genes with a consistent change call in at least 3 out of 4 experiments were retained and further analyzed using Expressionist Suite software (GeneData, Basel, Swiss) as essentially described earlier 12 . Being aware of the low significance at low intensity levels we filtered for genes with an expression over background in ≥ 75 % of the respective experimental group (GC-treated versus untreated monocytes). We retained only genes with a fold-change of ≥ 2.0 or ≤ -2.0 and a p-value of < 0.05 (paired ttest). Indicated gene symbols were derived from NCBI (National Center for Biotechnology Information) GeneBank database (http://www.ncbi.nlm.nih.gov/entrez).
Quantitative real-time PCR
Expression of selected genes was confirmed by real-time RT-PCR as described previously 12, 15 . The primers used for PCR analysis were as follows : IL1R2 forward 5´-ATGACACCCACATAGAGAGCGC-3´,  IL1R2  reverse  5´-GTGCAAATCCTCTCTTGTGACAG-3´,  Z39Ig  forward  5´-ACCACTGACATGGATGGCTACC-3´,  Z39Ig  reverse   GGTAAAAACCACCATACAGCACAAG-3´,  SAP30  forward  5´-TGGAGGTGATTCACCTGTTCAAG-3´,  SAP30  reverse  5´-TTAAGTCCTGGTCTGGTTGGTAGC-3´,  HMGB2  forward  5´-ATAAACCAGTTCACGCCGGAG-3´, HMGB2 reverse 5´-CCATGTTGACAGATCCGCG-3´, FPR forward 5´-GAACTACCCAGAGCAAGACCACAG-3´, FPR reverse 5´-TACAGCAGGTGTCCCTCCAGAG-3´,  IL21R  forward  5´-GGCCGACGACATTTTCAGTG-3´,  IL21R  reverse  5´-GGAGATATTATACTGTCCTGAGAAGGTCAC-3´,  LTB  forward  5´-CCAGAAACAGATCTCAGCCCC-3´, LTB reverse 5´-AACGCCTGTTCCTTCGTCG-3´,   CD36 forward 5´-CCAGGTATTGCAGTTCTTTTCTTCTG-3´, CD36 reverse 5´-TTCAACTGGAGAGGCAAAGGC-3´,  CCL5 forward 5´- CTGTCATCCTCATTGCTACTGCC-3´, CCL5 reverse 5´-TTGGAGCACTTGCCACTGG-3´, CXCL10 forward 5´-GCAAGCCAATTTTGTCCACG-3´, CXCL10 reverse 5´-ACATTTCCTTGCTAACTGCTTTCAG-3´,  CXCL9  forward  5´-GAAAGACCTTAAACAATTTGCCCC-3´,  CXCL9  reverse  5´-TCCTTCACATCTGCTGAATCTGG-3´,  CX3CR1  forward  5´ 
Functional clustering
To analyze the microarray data in the context of biological functions we used information available from the Gene Ontology (GO) consortium (http://www.geneontology.org) 16, 17 . The GO terms represent a defined vocabulary describing the biological process, cellular components, and molecular functions of genes in a hierarchical directed acyclic graph structure. Statistical analysis was performed using GenMAPP software 16, 17 . For each of the existing GO terms the cumulative number of genes meeting our criteria (e.g. up-or downregulated) and of all genes represented on the microarray was calculated. The Z score is calculated for every GO term by subtracting the expected number of genes meeting the criterion from the actual number, and division of this value by the standard deviation of the actual number of genes:
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with N as the total number of genes measured, R as the total number of genes meeting the criterion, n as the total number of genes in the specific GO term, and r as the number of genes meeting the criterion in the specific GO term. A positive Z score indicates that there are more genes meeting the criterion in the specific GO term than expected by chance. The Z-score is transfered to p-values under the assumption of a hypergeometric distribution.
Since only a small percentage of information available in literature is annotated in the GO classification we additionally performed a detailed literature search for regulated genes and created a spreadsheet with gene to biological function relations. When 3 or more genes were functionally related we developed a search string describing this function and used it to search the NCBI "Gene" database which contains functional information as short peer-reviewed synopses. The quality of the search string was tested by its ability to identify correct records among a set of 100 arbitrary control genes and than applied to regulated genes and to all genes measured by microarray analysis. The frequency of records matching the search string was calculated and statistical testing using the χ 2 test was performed.
Measurement of cell apoptosis
Apoptosis was induced by treatment of monocytes with 200 nM staurosporine (STS)(Alexis, San Diego, CA) for 6h. Apoptosis was visualized by staining with AnnexinV-FITC and Nicoletti assay as described previously 18, 19 .
Cellular production of ROS during apoptosis, especially H 2 O 2 , was analyzed using oxidationspecific fluorescent probe dihydrorhodamine 123 (DHR123) (Molecular Probes via MoBiTec, Goettingen, Germany) as described elsewhere 20 . Briefly, untreated and STS-treated cells Monocyte migration assays in transwell plates were performed as described previously using fMLP or LTB4 (leukotriene B4) as chemoattractants 22 . Cells were allowed to migrate for 4 h.
To investigate induction of oxidative burst cells were incubated with or without PMA (phorbol myristate acetate, 50 nM) in addition to 10 nM fluticasone propionate. The extracellular chemiluminescence response was measured in the presence of isoluminol (50 µM) as described previously 23 .
Results
GC-regulated gene expression in human monocytes
Monocytes from individual donors were exposed to 10 nM fluticasone propionate for 16
hours or left untreated in 4 independent sets of experiments to analyze changes in gene expression patterns induced by GC. Efficiency of GC-stimulation was confirmed by flow cytometry for CD163, a previously described marker for GC-treated human monocytes 24 .
Using high density microarrays with over 22,000 oligonucleotide sets, the expression levels of at least 13,000 independent transcripts were obtained. Filtering the expression data by strict statistical criteria we found that 102 genes were significantly up-while 45 were downregulated (Table 1 and 2, complete list of regulated genes in supplemental material).
Induction of 7 (C1QA, DSIPI, MRC1, THBS1, IL10, IL1R2, CD163) and inhibition of another 7 genes (FCERI, CXCL11, CCL5, CXCL, STAT1, CYBB, CD36) by GC in monocytes or closely related cell-types has been described previously. Thus, we verified regulation of important GC target genes in naïve monocytes, including those analyzed in most detail like CD163 and IL10 24, 24, 25, 25 . However, the majority of genes identified here (101) has not been associated with response to GC in monocytes or other cell-types so far.
Validation of microarray data by real-time RT-PCR, flow cytometry
Using quantitative real-time RT-PCR we confirmed the expression patterns obtained by microarray analysis for 12 selected genes ( Figure 1 ). Due to our strict statistical criteria for evaluation of microarray data we achieved a high rate of verification (12/12) even for genes with a relatively low regulation between 2.0 and 3.0-fold (6/6 genes).
Next, we determined changes in expression at the protein level by flow cytometry for four selected genes. In agreement with the RNA data, CD163 was strongly up-regulated, while CD36 and CD11a were down-regulated. As an example for an intracellular molecule we confirmed expression of SAP30 by intracellular flow cytometry ( Figure 2 ).
In silico functional analysis of regulated genes.
To determine which functional clusters are overrepresented among regulated genes with a given statistical significance we performed an automated unbiased functional clustering using GENMAPP software 16 (Table 3 ).
There was a significant down-regulation of genes involved in the immune response, cell communication, cell activation, cell motility, cell adhesion, and cell death. The most affected molecular function was "chemokine activity".
In general, the pattern was similar for up-regulated genes, however the over-representation of genes associated with "immune response" or "cell communication" was less impressive and the topics "cell death" and "cell adhesion" were not significantly over-represented.
In addition to the GO nomenclature we also identified functional clusters among regulated genes by detailed research of published literature analyzing the occurrence of subject headings related to the functional cluster in the gene centric functional database NCBI "Gene".
We identified 3 additional clusters ("interferon induced"; "phagocytosis" and "oxidative or antioxidative") which were significantly more frequent in the NCBI Gene records of downregulated genes and 2 clusters ("immunosuppressive or anti inflammatory" and "phagocytosis") which were more overrepresented in the records of up-regulated genes (Table   3 ).
Functional analysis of GC-treated monocytes
To test whether GC-induced functions identified "in silico" were really influenced at the functional level we analyzed the effect of GC-treatment of monocytes on adherence, cell mobility and chemotaxis, phagocytosis, oxidative burst, and apoptosis.
Adherence to plastic surfaces
As predicted by statistical analysis adherence of GC-treated monocytes to plastic surfaces was reduced compared to control cells ( Figure 3A ). Microscopical analysis revealed that GCtreated monocytes showed almost no cell spreading and remained spherical and only weakly attached to the surface (unpublished data).
Migration and chemotaxis
Microarray analysis and real-time PCR revealed up-regulation of formyl peptide receptor (FPR), the receptor for the potent chemotattractant fMLP by GC-treatment. We confirmed upregulation of FPR protein by flow cytometry ( Figure 3B ). We next tested whether GCtreatment would affect migration and chemotaxis of monocytes in general and also specifically in response to fMLP. Using a modified boyden chamber assay we detected that spontaneous migration of GC-treated monocytes as well as migration towards fMLP were significantly enhanced after 4 h ( Figure 3C ). The effect of fMLP was dose dependent with optimal concentrations of fMLP between 2 and 10 nM ( Figure 3C ). It was also specific as confirmed by addition of 10 nM fMLP to the upper compartment of the boyden chamber ( Figure 3D ). The GC-induced increase in chemotaxis was dependent on the stimulus. As such we did not observe increased migration of GC-treated cells towards LTB4 ( Figure 3D ).
Phagocytosis of latex beads and L. major
An association with the subject heading "phagocytosis" was found with both groups of upand down-regulated genes. However, the association was stronger for up-regulated genes. We therefore tested phagocytosis of latex beads and immunophagocytosis of complement opsonized living L. major parasites after treatment of monocytes with GC. We detected an approximately 2.5 fold increase in phagocytosis of latex beads by GC-treated cells ( Figure 4A ). Phagocytosis of L. major promastigotes was also significantly enhanced (1.8 fold) in GC-treated cells compared to controls ( Figure 4B ).
Production of ROS
Genes involved in oxidative functions were significantly overrepresented among GC downregulated genes. In addition, 6 of the up-regulated genes were recently described as having anti-oxidative functions. In agreement with microarray data spontaneous as well as PMA induced production of reactive oxygen species was significantly reduced in GC-treated cells ( Figure 4C ).
Apoptosis
For evaluation of the influence of GC on programmed cell death we measured annexin V staining as early marker for apoptosis as well as fragmentation of nuclei by nicoletti assay 19 as marker for later stages of apoptosis. GC-treatment did not result in spontaneous apoptosis of monocytes ( Figure 5A,B) . Instead GC-treated monocytes were significantly protected from staurosporine-induced apoptosis as deduced from our functional clustering approach ( Figure   5A ,B). Since oxidative stress is a well known factor involved in apoptosis we subsequently analysed intracellular concentration of reactive oxygen species (ROS) during staurosporine induced apoptosis ( Figure 5C ). While we detected rapid production of reactive oxygen species in control cells after induction of apoptosis with staurosporine, we found almost no activity of ROS in GC-treated cells, consistent with inhibition of staurosporine-induced apoptosis ( Figure 4 ). Our gene expression data indicate an elevated capacity of glutathione-synthesis in monocytes after GC-treatment. We therefore measured changes in intracellular glutathione levels during staurosporine-induced apoptosis. In fact, the reduction of intracellular glutathione during staurosporine-induced apoptosis was significantly diminished in GCtreated cells ( Figure 5D In the present study we used microarray technology to define the GC-induced expression profile in monocytes. The validity of such an approach crucially depends on the use of strict statistical criteria for the definition of regulated genes and thus on sufficient technical and biological replicates. Technical replication was ensured by using Affymetrix U133Av2 oligonucleotide microarrays where each gene is represented by multiple perfect match and mismatch oligonucleotides. To get reliable data about biological variation we used monocytes from 4 individual donors and avoided pooling of experimental samples. The validity of our strict statistical criteria is confirmed by the fact that the regulation of all out of 12 selected genes, including 6 genes regulated in the range from 2 to 3-fold, was verified by real-time PCR in three more independent experiments. For all selected genes we were also able to show corresponding changes at protein level.
Genes known to be up-regulated by interferon-γ (IFNγ) were strongly overrepresented among GC down-regulated genes. While some of these genes like CXCL11 and CXCL10 are known to be regulated by GC 27, 28 , others like the activator of the proteasome subunit 2 (PSME2) have not been previously described as GC-regulated. GC are known to inhibit antigen processing and presentation, the proteasome, however, is a new target of GC-mediated suppression.
Furthermore, we confirmed up-regulation of anti-inflammatory IL10 25, 29 . Other molecules with anti-inflammatory functions known to be regulated by GC were CD163, DSIP and IL1RII. CD163 was characterized as a GC-inducible scavenger receptor on human monocytes which is involved in clearance of pro-inflammatory haemoglubin-haptoglobin complexes 30 .
GC-induced leucin zipper (DSIP) prevents NF-κB activation 31 . Genes involved in cell death or apoptosis were significantly down-regulated. Among these genes were potent pro-apoptotic factors like TNF-related apoptosis-inducing ligand (TRAIL), which is involved in receptor mediated induction of apoptosis 39 , and important mediators of apoptosis like DNase. Consistently, we observed a significant reduction of staurosporineinduced apoptosis in GC-treated monocytes. Effects of GC on staurosporine-induced apoptosis have not been described so far. Staurosporine induced cell death is mediated by reactive oxygen species. Molecules with anti-oxidative functions, especially genes involved in glutathione metabolism, are up-regulated in GC-treated monocytes (see below). This fact may contribute to the observed anti-apoptotic effect of GC-treatment. In agreement with a role of anti-oxidative molecules in the GC-mediated protection from apoptosis we observed almost no reactive oxygen species during staurosporine-induced apoptosis after GC-treatment. This effect is at least partly due to the fact that GC-treated monocytes have a higher capacity to replenish loss of intracellular glutathione during staurosporine-induced apoptosis which parallels an up-regulation of key molecules in the pathway of glutathione synthesis (see below) identified in our microarray analysis.
Pro-apoptotic stimuli are also present in an inflammatory environment. The observed protection of GC-treated monocytes from apoptosis is in agreement with a long lasting regulatory role of this monocyte subtype in resolution or inhibition of inflammation.
Cell surface molecules involved in cell adhesion like CD11a, CD36, ficolin 40 , ORL1 41 , Z39Ig 42 and LST1 43 were significantly over-represented among down-regulated genes. The down-regulation of CD36 by GC has been described earlier 44 . An influence of GC-treatment on the morphology of human macrophages and a reduction of adhesion signaling complexes has been reported as well 45, 46 . We found a significant decrease in adhesion of monocytes to
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Molecules involved in cell motility and chemotaxis were significantly over-represented among up-and down-regulated genes. However, down-regulated molecules including the chemokines CXCL9, CXCL10, CXCL11, CCL5 and CCL24 were predominantly involved in chemotaxis of T-cells compatible with an anti-inflammatory effect of GC. Up-regulated molecules on the other hand are directly involved in cell motility of monocytes like "Traf2 and NCK interacting kinase" and "metastasis suppressor 1" 47, 48 . The coordinated upregulation of FPR and aquaporin-9 is of special interest. The FPR mediates migration towards fMLP, a strong bacterial chemotactic agent 49 . Aquaporin-9 regulates water influx which is necessary for lamellipodium formation during migration. Aquaporin-9 selectively associates with FPR in migrating granulocytes 50 . Accordingly, the specific, dose dependent migration of monocytes towards fMLP was increased in GC-treated monocytes while the response towards another chemotactic stimulus (LTB4) was unaffected. However, GC-treatment did not only influence chemotaxis but also significantly increased undirected cell migration (chemokinesis) which is in agreement with our observation that several genes involved in general cell mobility were up-regulated.
It is therefore tempting to speculate that in vivo GC not only induce production of immunosuppressive substances by monocytes but also simultaneously support an increased migration of anti-inflammatory monocytes to sites of inflammation or infection.
It has been previously published that GC-treated mature macrophages exhibit a stronger ability to engulf apoptotic cells 45, 46 . We found up-regulation of MFGE8, MERTK and C1QA, which are known to be involved in phagocytosis of apoptotic cells. A GC-dependent regulation has only been described for C1QA so far [51] [52] [53] [54] . We now demonstrated that phagocytosis of latex beads, complement receptor mediated endocytosis of opsonized L.
major parasites as well as phagocytosis of apoptotic granulocytes (unpublished data) is
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It is well known, that the generation of reactive oxygen species by macrophages is reduced after GC-treatment. Accordingly, spontaneous and PMA-induced oxidative burst of GCtreated monocytes was reduced in our experiments ( Figure 4C ). We could confirm downregulation of CYBB (GP91-Phox) as described earlier 55 . We now identified SCO2, a protein involved in assembly of cytochrom c oxidase 56 as a new target of GC action. Consistently, we also demonstrated up-regulation of molecules involved in anti-oxidative functions by GC, especially in glutathione metabolism, which is shown here for the first time. Glutathione inactivates ROS and protects cells from oxidative stress. The rate limiting enzyme of glutathione synthesis, glutamate-cysteine ligase was up-regulated in our experiments in parallel with SLC1A3, the plasma membrane glutamate transporter 57 . Increased glutathione synthesis may also be involved in protection from apoptosis (see above), since a reduction of cellular glutathione levels has been described as an early event in apoptosis 58, 59 . Other GCinduced molecules with anti-oxidative functions newly identified in this study were AKR1B1
an aldose reductase with anti-inflammatory functions 60 , sestrin1 (SESN1), an enzyme which regenerates periredoxins and inhibits H 2 O 2 induced cell damage 61 , and adenosine A3 receptor (ADORA3), which is know to inhibit oxidative burst after ligand binding 62, 63 . Therefore GCtreated monocyte may be actively involved in neutralization of reactive metabolites and thus in the resolution of inflammation. Taken together, our gene expression analysis challenges the concept that the main molecular mechanism of GC-induced immunosuppression -at least in monocytes-is transrepression of gene transcription. In contrast, GC-activated monocytes show rather increased gene transcription including many anti-inflammatory mediators. GC promote survival of this antiinflammatory phenotype which may specifically accumulate at sites of inflammatory processes due to higher migration to chemotactic stimuli. GC-treated monocytes are able to limit tissue damage due to anti-oxidative properties and high capacity for phagocytosis of proinflammatory stimuli, i. e. microbial agents, particles and cellular debris. Our data indicate that specific modulation of these monocytic effector mechanisms may offer novel targets for future anti-inflammatory strategies.
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The experiment was done 4 times with similar results and the differences in MFI shifts between control and GC-treated cells were statistically significant for every protein analyzed (Student`s ttest, p < 0.05 for CD11a, CD36 and SAP, p <0.001 for CD163). 
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